Terahertz radiation generated by focusing the fundamental laser pulse and its second harmonic into ambient air strongly saturates with increasing pump laser energy. We demonstrate a simple method to control the Gaussian pump laser beam to improve the output of terahertz radiation with an adjustable aperture. With the optimal aperture-limited pump laser beams, the terahertz wave amplitudes can be enhanced by more than eight times depending on the pump laser parameters than those of aperture-free cases. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3098357͔
Terahertz wave generation in ambient air by mixing the fundamental laser frequency ͑͒ with its second-harmonic frequency ͑2͒ has attracted considerable attention [1] [2] [3] [4] since it was proposed in 2000. 5 Terahertz signals with field amplitudes over 100 kV/cm are routinely generated with this simple method. 1 The most intense field up to 400 kV/cm was reported. 2 The mechanism of this radiation was interpreted to be a process of "four-wave mixing" in air plasmas. Some experimental results 4 support this mechanism. Recently Kim et al. 6 developed a transient photocurrent model in which the optical field ionization and subsequent electron motion in a symmetry-broken laser field are key mechanisms for generating a quasi-dc electron current and simultaneous terahertz radiation. They investigated the terahertz emission with much more pump laser energy than used in experiments mentioned before. However, they found that the terahertz output saturates when the laser energy was increased to tens of millijoules and attributed the saturation to the strong terahertz absorption by the overdense plasmas.
To improve the potential of this technique, we demonstrate in this letter an easy operation method to enhance the terahertz emission by controlling the Gaussian pump laser beam with an adjustable aperture. Our experimental results indicate that, by use of an optimal aperture-limited pump laser beam, the enhancement in the terahertz wave amplitude can be over eight times larger depending on the parameters of the pump laser beam. These results are also helpful to the understanding of the physics of strong terahertz emission generated by combining two laser pulses with different frequencies in ambient air.
Experiments were performed using an amplified Ti:sapphire laser system providing ϳ30 fs and 800 nm pulses at a repetition rate of 10 Hz. The pulse duration was stretched to ϳ100 fs by moving one of the compressor gratings to minimize self-focusing in the beam path. The schematic of the setup used for terahertz generation and detection is shown in Fig. 1 . The pump beam is directed to an off-axis parabola ͑OAP 1 , focal length f = 152.4 mm͒ and focused into ambient air through a 100-m-thick ␤-barium borate crystal ͑Type I͒. The forward terahertz radiation is collected and collimated by an off-axis parabola ͑OAP 2 , f = 76.2 mm͒ and then focused by another off-axis parabola ͑OAP 3 , f = 101.6 mm͒ onto a 1-mm-thick ZnTe ͗110͘ crystal used for electro-optical detection. A high-resistivity Si wafer with thickness of 500 m was placed between OAP 2 and OAP 3 to block the laser light.
Due to the low repetition rate of the laser system and the fluctuation of the laser pulses, the terahertz wave was detected by a single-shot method, spectral-encoding technique. 7 In this detection system, the probe pulse is stretched by two SF66 glass blocks to ϳ2.5 ps and is then focused onto the surface of ZnTe crystal to overlap with the terahertz beam. Two crossed polarizers, P 1 and P 2 , and a fiber spectrometer was used in this system. The terahertz signal retrieving process of this spectral-encoding technique was discussed in a͒ Author to whom correspondence should be addressed. Electronic mail: oswald.willi@laserphy.uni-duesseldorf.de. In the experiments an aperture with its diameter D adjustable from 0.5 to 25 mm was used to "tailor" the Gaussian pump laser beam with a diameter of ϳ20 mm ͑86.5% of the total laser energy͒ and energy of ϳ14 mJ. We found that the terahertz wave amplitude increased first then decreased when we reduced continually the diameter D of the aperture. From Fig. 2͑a͒ one can see clearly that the terahertz field amplitude has a maximum with D of about 6 mm. If D is smaller than ϳ6 mm, the terahertz field amplitude drops very quickly. Figure 2͑a͒ shows that the terahertz wave amplitude is enhanced by up to four times with the optimal aperture of ϳ6 mm. The inset of Fig. 2͑a͒ shows the real focused laser energies E f at every diameter of the aperture ͑please note that the total laser energy E t before the aperture is kept the same at ϳ14 mJ͒. E f is about 2.5 mJ for the strongest amplitude of terahertz field. Typical terahertz waveforms with a 6 mm aperture tailoring and without aperture of the pump laser beam are shown in Fig. 2͑b͒ . The corresponding terahertz spectra of Fig. 2͑b͒ are shown in the inset. In our experiment we found that the peak position of the terahertz spectrum, located at ϳ0.9 THz, did not virtually change by increasing D. Besides, from the inset of Fig. 2͑b͒ , one can find that the distribution of the terahertz spectrum changes to some extent. The higher-frequency part increases and the lowerfrequency part decreases when D Ͼ 3 mm.
To study the efficiency from laser energy to terahertz yield due to the aperture-limit effect, E f is kept at a constant by means of changing both D and the total output energy of the laser system E t . Peak terahertz strength versus D of the aperture with constant focused energies E f of pump laser pulses for ϳ1 and ϳ2 mJ are shown in Fig. 3 , respectively. In both cases, though E f is constant, the laser intensity I drops with the decrease in D because of the increase in the focus diameter due to diffraction. The laser intensity I versus D in both cases is shown in the inset of Fig. 3 . One can find that the strongest terahertz output corresponds to the laser intensity I Ϸ 2.6ϫ 10 14 W / cm 2 and a tightly focused pump laser is not suitable for terahertz generation.
In Fig. 2 the total pump laser energy E t before the aperture is kept at ϳ14 mJ. We also checked if there was the same dependence when we used different pulse durations and E t . For laser pulse duration of ϳ60 fs, we found nearly the same dependence, as shown in Fig. 2͑a͒ , for 100 fs. Amplitudes of terahertz fields versus diameters of the aperture under the different conditions of E t ϳ 7.5 mJ and ϳ12 mJ are shown in Figs. 4͑a͒ and 4͑b͒ , respectively. The corresponding E f as a function of D is shown in each inset. The terahertz wave amplitudes are enhanced by ϳ8.4 times in Fig. 4͑a͒ and ϳ3.6 times in Fig. 4͑b͒ The inset is the focused laser energy E f which increases with D corresponding to ͑a͒. ͑b͒ Typical terahertz waveforms with a 6 mm aperture and without aperture limit to the pump laser beam. Their corresponding terahertz spectra are shown in the inset. amplitude of the terahertz field are ϳ5 and ϳ4 mm, respectively.
To describe the terahertz generation by focusing twocolor laser pulses into ambient air, we proposed a onedimensional theory model called ionization current model 9 which also can be used to explain our experimental results. In this model, the initial ionization current is thought to be mainly responsible for the generation of terahertz radiation. In the limit of t ӷ ͑x + l 0 ͒ / c, the radiated transverse electric field can be approximately expressed by
where j y0 is the initial ionization current, l 0 is the plasma length, and p = ͑ne 2 / m 0 ͒ 1/2 is the background plasma ͑with density n͒ frequency. From Eq. ͑1͒, one can see that the radiated transverse electric field oscillates at the plasma frequency p and the strength decreases with time. For underdense plasmas with n Ͻ n c , p can be in the terahertz range.
Here n c = m 0 2 / e 2 is the critical density. In our experiments, the peak value of the terahertz spectrum ͑f p = p / 2͒ is about 0.9 THz, which corresponds to the plasma density n of 10 16 cm −3 . From Eq. ͑1͒, one can find that the terahertz strength depends on three parameters: the initial ionization current j y0 , the plasma length l 0 , and the plasma frequency p . To enhance the terahertz output, one can increase j y0 , prolong l 0 , and reduce p . However, there is a conflict between j y0 and p as j y0 depends on the laser intensity I. One can increase j y0 by increasing the laser intensity but at the same time the plasma frequency p ͑or the plasma density n͒ would be increased because one cannot control the density of the ambient air. This would lead to two results: one is the decrease in the terahertz strength according to Eq. ͑1͒; another is that some of the radiation would shift to the higher-frequency region or even beyond the terahertz range, which is roughly defined between 0.1 and ϳ10 THz ͑the effective terahertz detection range of ZnTe is limited to below 4 THz in our experiment͒. The shift toward higher frequencies was observed in the terahertz spectra as shown in Fig. 2͑b͒ . This phenomenon was also found in previous work. 2 When the pump laser is too intense, only the radiation from outer layers of the plasmas ͑with the underdense plasma density n͒ falls into the terahertz range. This may be the main reason why the terahertz output saturates when the laser energy increases to tens of millijoules in contrast due to the strong absorption of the overdense plasma in the center of the plasma cylinder. In order to enhance the terahertz output, one has to keep the air plasma density within the range suitable for terahertz radiation when the pump laser intensity is increased. In our experiments a very simple and convenient method can realize this goal. The laser intensity could be controlled at a suitable level by using an aperture with suitable diameter due to the increase in the focal diameter W 0 ͑W 0 Ϸ 1.22f / D, D is the diameter of the aperture͒; thus the plasma density n could be kept in the range suitable for terahertz generation. At the same time, both the air plasma length l 0 ͑related to the Rayleigh length Z R ͒ and the plasma volume V increase due to the increase in Z R when D decreases. As a result, more energy of pump laser pulse would be transferred to the terahertz radiation and the terahertz output could be enhanced to a maximum by using an optimal aperture-limited pump laser beam as we observed in our experiments.
In summary, we report a simple method by adjusting an aperture to control the Gaussian pump laser beam to improve the output of terahertz radiation generated by focusing the fundamental and its second harmonic into ambient air. With the optimal aperture-limited pump laser beams, the terahertz wave amplitudes can be enhanced by over eight times compared to that without an aperture-limit, which depends upon parameters of the pump laser pulses before the aperture. This simple method provides an approach to produce more powerful compact pulsed terahertz source, which will be applied possibly in future rapid imaging, terahertz-pump experiments, and terahertz high-field nonlinear studies.
